The paper presents a feedforward plus feedback controller structure with I and PI controllers for control of an integrating process with dead time. Guidelines for controller gain selection based on time domain specifications of damping factor and natural frequency are provided along with simulations indicating the selectivity of process response. The utility of proposed controller structure is shown by simulating the depth control of a nonlinear autonomous underwater vehicle system by the proposed controller structure.
I. INTRODUCTION
The problem of controlling integrating plus dead time (IPDT) processes has received significant attention of control engineers during past few years. Integrating processes with dead time are not only interesting from a controller design point of view but also are mathematically simple, making it easy to work analytically with these systems. Numerous PID controller tuning methods for integrating processes have been proposed in the recent past [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] . However, this is not a new interest in IPDT systems and there have been many contributions in the past couple of decades [11, 12, 13, 14, 15, 16, 17, 18, 16, 19] .
The approach used for the design of proposed control scheme for the control of integrator plus dead-time class of systems is to design a regulator for the IPDT process first ignoring the presence of dead time and then to achieve setpoint tracking by means of a separate tracking controller. Fig. (1) shows the proposed a feedback PI regulator in closed loop with the IPDT process and a feedforward I controller for setpoint tracking. The feedback compensators are known for their ability of rejecting disturbances. The technique presented here will address primarily the issue of disturbance rejection for IPDT processes. In an attempt to control the IPDT systems, for both set-point tracking and regulation, a combination of feed-forward tracking controller with a PI feedback regulator is proposed in this article. Also, the tuning of this I + PI controller scheme is suggested later in Section II.
II. DERIVATION OF PI CONTROLLER SETTINGS
Assume an integrating process with dead-time with transfer function given by,
In (1), K p is the process gain or the integrator's gain and d is the time delay element associated with it. The proposed I + PI controller scheme is illustrated in Fig. (1) . The I controller is a feed forward controller containing only the I mode of the PI feedback compensator. The transfer functions for feedforward I (G ff (s)) and feedback PI (G fb (s)) are given by,
and,
The block diagram shown in Fig. (1) has been redrawn as shown in Fig. (2) for deriving the controller settings for the PI feedback compensator. The closed loop system shown in Fig. (2) will have input U(s) + D(s). Therefore, the closed loop transfer function for the block diagram in Fig. (2) may be written as,
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Assume that the dead time (d) is very small or negligible i.e. d = 0, for simplicity. The transfer function above will then change as,
Simplifying,
Re-writing above equation (6),
Now, comparing the first term in above equation with the standard closed loop transfer function for a second order system given by,
we may have the following equations:
where, ζ is the damping factor and ω n is the undamped frequency of oscillations. Re-arrangement of the above equation (9) results into the settings for PI controller given by,
From the knowledge of process gain (K p ), specifications of damping factor (ζ ) and natural frequency of oscillation (ω n ), the PI settings can be known. Alternatively, ω n may be indirectly specified as,
where, k is a constant multiplying factor that can select the aggressiveness of the control action. T s is the desired settling time and this may in turn be specified by,
Since, d and K p are known from the process model, T s is automatically specified. In the above equations (11) and (12), the dead-time term (d) which was neglected previously in (5) , is now included while specifying T s and therefore, to specify ω n . Thus the tuning values include the specifications of both the parameters (K p and d) defining the IPDT system. The only unknown left to be chosen is the constant k. Higher value of k will imply aggressive and faster control action. However if the value of k is sufficiently high, it can result in an uncontrolled, unstable system. Also, value of damping coefficient ζ must be chosen to have an acceptable transient response. From (7) , it can be interpreted that the system will respond for both U(s) and D(s) in the same manner. So as to make the IPDT process follow the setpoint, a feedforward controller must be used such that it has a transfer function equal to the reciprocal of the second term on the right hand side of equation (7) . The feedforward controller then is selected to have a transfer function of the following form:
It is obvious from above equation that the feedforward controller is an ideal form I mode only controller along with the proportional gain K c as the multiplying factor. It must also be noted that the settings of both feedforward and the feedback controller are the same.
Consider the IPDT process given in [11, 18, 20] represented by the transfer function,
i.e. K p = 0.0506 and d = 6. The the plot showing setpoint tracking responses for control scheme suggested in Fig.(1) is shown in Fig. (3) . The plot also shows responses for methods presented in [11, 18, 20] . These methods are selected for comparison with the proposed method because these methods use the standard form PID controller tuned by their respective tuning formulas for IPDT systems. The proposed method, however, does not employ the D mode of the commonly used PID, as D mode cannot be successfully used for regulatory control. Besides this, if the D mode is aggressive enough, as in the case of tuning methods suggested in [18, 20] , then the control action is likely to be jerky. Such control action may prove detrimental to the performance of the final control element, thereby reducing its operating life. Table I shows comparison of time domain specifications for the proposed method and Fig. 4 . Effects of variation in dead-time for specified values of ζ and ω n the methods in [11, 18, 20] . Fig. 5 shows simulation comparisons for regulatory control. (6) and (7) respectively. Robustness of the proposed scheme to variations in modeled dead-time values can be seen from the plots in Fig. ? ?. The method for controlling IPDT systems proposed in the earlier section can be applied for the depth control of autonomous underwater vehicles. Here, the depth control of an AUV (NPS AUV II) [21, 22] has been discussed. The dynamics of the AUV presented in [21, 22] is very non-linear and parameter varying, complicated with actuator constraints. The same non-linear, parameter varying model is used for simulations of the control scheme proposed here. The depth dynamics is initially modeled as an integrating process with dead time. Assuming that the AUV moves forward with a constant surge velocity (u = 0.8m/s), a step change of 0.03491 rad (2 deg) is simulated at the stern planes of the AUV. Then the resulting change in the depth of the AUV is plotted. The dead-time and the process gain are then determined from the plot as shown in the Fig. (8) . From the knowledge of process gain K p = 0.7918 and the specifications of ω n = 0.03 and ζ = 0.7 into equation (10) result into the PI controller settings. These settings are used in the control configuration suggested in section II. The results for the depth control of NPS AUV II are shown in Fig.(9) along with the actuator profiles. Also the plots showing change in other parameters governing the AUV depth dynamics are plotted in Fig. (10) . 
IV. CONCLUSION
This work presented a simple controller structure with a feedback PI and a feedforward PI controllers for the control of an integrating process with dead time. The control action of the suggested method is smooth due to the absence of derivative mode and this is important in several control applications. Simulations for depth control of a nonlinear autonomous underwater vehicle underscores the utility of this simple control scheme that can be tuned easily to control requirements.
